We adopted a two-stage study design to screen 927 single nucleotide polymorphisms (SNPs) located in 73 apoptotic-pathway genes in a case-control study and then performed a fast-track validation of the significant SNPs in a replication population to identify sequence variations in the apoptotic pathway modulating lung cancer risk. Fifty-five SNPs showed significant associations in the discovery population comprised of 661 lung cancer cases and 959 controls. Six of these SNPs located in three genes (Bcl-2, CASP9 and ANKS1B) were validated in a replication population with 1154 cases and 1373 controls. Additive model was the best-fitting model for five SNPs (rs1462129 and rs255102 of Bcl-2, rs6685648 of CASP9 and rs1549102, rs11110099 of ANKS1B) and recessive model was the best fit for one SNP (rs10745877 of ANKS1B). In the analysis of joint effects with subjects carrying no unfavorable genotypes as the reference group, those carrying one, two, and three or more unfavorable genotypes had an odds ratio (OR) of 2.22 [95% confidence interval (CI) = 1.08-4.57, P = 0.03], 2.70 (95% CI = 1.33-5.49; P = 0.006) and 4.13 (95% CI = 2.00-8.57; P = 0.0001), respectively (P for trend = 6.05E-06). The joint effect of unfavorable genotypes was also validated in the replication population. The SNPs identified are located in or near key genes known to play important roles in apoptosis regulation, supporting the strong biological relevance of our findings. Future studies are needed to identify the causal SNPs and elucidate the underlying molecular mechanisms.
Introduction
Lung cancer is the most common cancer and the leading cause of cancer-related deaths in USA. It was estimated in 2012 that there were a total of 226,160 new incidences of lung cancer and 160,340 deaths from lung cancer (1) . Eighty-seven percentage of lung cancer deaths are attributed to cigarette smoking (2) . The fact that only a fraction of smokers develop lung cancer points to genetic susceptibility of the disease. During the past several decades, genetic susceptibility to lung cancer has been extensively studied in molecular epidemiologic studies. Interindividual variation in susceptibility to lung cancer may be mediated by genetic variations in multiple cancer-related pathways. The apoptotic pathway is one of such key pathways, and genetic variants in this pathway have been demonstrated to contribute to increased cancer risk, including lung cancer (3, 4) . Apoptosis is a geneticaly controlled cell suicide mechanism that enables multicelluar organisms to regulate cell number in tissues and to eliminate unnecessary or damaged cells (5, 6) . The activation of apoptosis signaling is through an intrinsic Bcl-2 pathway and an extrinsic or TNF-related apoptosis inducing ligand pathway (7) (8) (9) (10) (11) . The extrinsic pathway acts via death receptors, whereas the intrinsic pathway acts via the release of mitochondrial proteins. In both pathways, initiator caspases are activated and the initiated caspases activate executioner caspases, which cleave death substrates, leading to cell death.
Although apoptosis is evolutionarily conserved, there may be interindividual variation in apoptotic capacity in the general population. In literature, the association between genetic variants in the apoptotic pathway and lung cancer risk has been reported (12) (13) (14) (15) (16) (17) (18) (19) . However, the associations published so far are limited to a few candidate single nucleotide polymorphisms (SNPs) and there is a lack of comprehensive evaluations of a large panel of SNPs in this pathway. Moreover, few of the previous studies considered replication of the associations in their study design to scrutinize false-positive findings. With the aim to identify sequence variations in the apoptotic pathway modulating lung cancer risk, we took a systematic approach to evaluate the associations between a large panel of SNPs in the apoptotic pathway and lung cancer risk in a large case-control study. Furthermore, we confirmed the significant associations in the discovery population in a replication population.
Materials and methods

Discovery and replication populations
In this study, cases in the discovery stage were identified from an ongoing lung cancer case-control study at the MD Anderson Cancer Center (20) . Cases were newly diagnosed, histologically confirmed lung cancer patients presenting at the registration of the Thoracic Medical Oncology Clinic of the MD Anderson Cancer Center, and patients were previously untreated by chemotherapy or radiotherapy. There was no age, sex, ethnicity, or cancer stage restrictions on recruitment. The controls in the discovery stage were identified from a pool of control participants recruited in ongoing case-control studies of cancer in collaboration with the Kelsey Seybold Clinics, Houston's largest private multispecialty group practice in the Houston metropolitan area, with 18 clinics and more than 325 physicians. The control subjects were healthy individuals without prior history of cancer (except for non-melanoma skin cancer). The majority of control participants were healthy individuals seen at the clinic for annual physical exams or to address health concerns. A total of 661cases and 959 controls were included in the discovery stage. The replication population consisted of participants previously participated in a genome-wide association study (GWAS) of lung cancer at MD Anderson Cancer Center (21) with a total of 1154 cases and 1073 controls. The recruitment period for the replication population was from June 1996 to July 2007. The subjects of the discovery phase were recruited primarily after July 2007 till November 2008. There was no overlap of subjects in the discovery phase and the replication phase.
All patients and controls gave written informed consent before participation, and the studies were approved by the MD Anderson Institutional Review Board and the Kelsey Seybold Clinics. All participants completed an in-person interview administered by MD Anderson staff interviewers using a structured questionnaire. Demographic characteristics, history of tobacco use, family history of cancer, environmental exposures and other epidemiologic data were collected and recorded. At the end of the interview, each participant donated 40 ml blood sample for molecular analysis.
An individual who had never smoked or had smoked less than 100 cigarettes in his or her lifetime was defined as a never smoker. An individual who had smoked at least 100 cigarettes in his or her lifetime, but had quit more than 12 months before diagnosis (for cases) or before the interview (for controls) was classified as a former smoker. Current smokers were those who were currently smoking or quit less than 12 months before diagnosis (for cases) or before the interview (for controls).
Gene and SNP selection
We compiled the gene list using Gene Ontology (http://www. geneontology.org) and performed an extensive literature review to refine the gene list in the apoptosis pathway. A total of 73 genes were selected (Supplemental Table 1 available at Carcinogenesis Online). The SNPs in this pathway were extracted from previously genotyped SNPs as part of our GWAS in order to comprehensively screen genetic variation within this pathway. SNPs extracted in the discovery stage of the current study were originally genotyped using Illumina HumanHap660K BeadChips. We extracted tag SNPs within 10 kb upstream of transcriptional start site and 10 kb downstream of transcriptional stop site of each gene. The whole genome scan with Illumina HumanHap660K BeadChips provides excellent gene coverage of ≥80% for approximately 80% of the genes within the human genome of CEU population (22) . The SNPs for the replication stage were originally genotyped using Illumina HumanHap300K BeadChips. GWAS sample and genotyping quality control were described in detail previously (21) . Briefly, a sample was excluded (i) if suspected of being contaminated with different genomic DNA samples; (ii) was found not to be Caucasian on review; (iii) was a firstdegree relative to another study subject; (iv) was a duplicate sample with discordant genotype; (v) or was found to have reported sex that did not match with X chromosome heterozygosity. After SNPs were extracted, in data analysis, we dropped out SNPs with low call rate (<90%), SNPs with minor allele frequency less than 1% in the study populations and SNPs not in Hardy-Weinberg equilibrium in controls. As a result, a total of 927 SNPs of the apoptosis pathway were included in the final statistical analysis (Supplemental Table 1 available at Carcinogenesis Online).
Statistical analysis
Hardy-Weinberg equilibrium was tested for each SNP using the goodness-of-fit Chi-Square test to compare the observed with the expected frequency of genotypes in controls. Pearson's χ 2 analysis or Fisher's exact test was used to test for genotype frequencies in cases and controls. Multivariate logistic regressions were performed to estimate odds ratios (ORs) of SNP main effects adjusting for age, sex, smoking status and pack year of smoking. To determine whether additional variables should be adjusted in the model, we checked the associations between other epidemiological risk factors and lung cancer in the two populations. In the discovery population, asbestos exposure and family history of lung cancer (lung cancer in first-degree relatives) were significant and in the replication population, emphysema, hay fever, asbestos and family history were significant. We therefore additionally adjusted these variables in the model to control for confounding in each population, respectively. Since the underlying model predisposing to cancer risk may follow dominant, recessive or additive models, we examined the SNPs risk by all three inheritance models. The best-fitting model was the one with the smallest P value among the three models. However, if the genotype counts for the homozygous variant genotype were less than five in cases and controls combined, we only considered the dominant model that had the highest statistical power. To evaluate the cumulative effects from the genetic variants in the pathway, we summed up unfavorable genotypes (genotypes associated with significantly increased risk in the main effects analysis) for each subject. In the case when multiple SNPs within a haplotype block had significant main effect, only the most significant SNP with the smallest P value was selected for this analysis.
To see whether epidemiologic risk factors of lung cancer could confound the SNP-cancer associations, we performed an analysis to see if SNPs were correlated with smoking status, smoking intensity, asbestos exposure, family history, etc. The analyses were performed in controls, in cases and in all subjects.
All statistical tests were two sided. Statistical analyses were performed using the STATA software (Version 10, College Station, TX). Haplotype frequencies were analyzed using the HelixTree Genetics Analysis Software (Golden Helix, Bozeman, MT). Haplotypes were inferred using the expectation-maximization algorithm implemented in the Helix Tree software. The adjusted ORs and 95% confidence interval (CI) for each haplotype were calculated using multivariate logistic regression using the most abundant haplotype as the reference group. 
Results
Characteristics of cases and controls were shown in Table 1 . The discovery population included 661 lung cancer cases and 959 controls. We restricted the analysis to self-reported Caucasians to minimize confounding by ethnicity. The mean age of cases and controls were 62.43 and 64.52 years, respectively. Cases had higher percentage of current smokers than controls (22.69% versus 7.92%), higher percentage of cases reported exposure to asbestos (16.94% versus 9.07%) and higher percentage of lung cancer in first-degree relatives (28.9% versus 21.06%). The demographic and exposure profiles of the replication population were also shown in Table 1 . Note that smoking status was matched in the replication population as part of the previous GWAS study design (21) . In the discovery population, the majority of histology type was adenocarcinoma (61.72%) followed by squamous cell carcinoma (18.00%) ( Table 1 ) and most patients had stages III and IV diseases. Similar distribution of clinical variables was observed in the replication population (Table 1) . A total of 927 SNPs located in 73 genes (Supplemental Table 1 available at Carcinogenesis Online) in the apoptotic pathway were screened individually for their association with lung cancer risk. Among the 927 SNPs, 55 showed significant or borderline significant association with lung cancer in multivariate logistic regression models in the discovery stage (Table 2) . We then performed a fasttrack validation of the top 55 SNPs in a case-control population previously reported in a lung cancer GWAS (21) . The validation population comprised of 1154 Caucasian lung cancer cases and 1073 Caucasian healthy controls (21) . The mean ages of the cases and controls were 62.08 and 60.48 years, respectively, and as part of the GWAS study design, the cases and controls were matched on sex and smoking status. Among the 55 SNPs, six SNPs were located in three genes: rs2551402 and rs1462129 of Bcl-2; rs6685648 of CASP9; rs1549102, rs10745877 and rs11110099 of ANKS1B, and were replicated showing significant association or borderline significant association. Additive model was the best-fitting model for five SNPs (rs1462129, rs2551402, rs6685648, rs1549102 and rs11110099), and recessive model was the best fit for one SNP (rs10745877) ( Table 3) . Two SNPs (rs1462129 and rs2551402) of the Bcl-2 gene were in strong linkage disequilibrium (r 2 = 0.84) and each conferred significantly increased risk with an OR of 1.30 (95% CI = 1.08-1.55; P = 0.0046) in the discovery stage. The association was borderline significant in the replication population, but reached significance in the pooled dataset. The OR was 1.16 (95% CI = 1.05-1.28; P = 0.002) and 1.16 (95% CI = 1.05-1.27; P = 0.003) for rs1462129 and rs2551402, respectively (Table 3) . One SNP (rs6685648) located in the CASP9 was borderline significant in the discovery stage (OR = 1.17; 95% CI = 0.97-1.42) in an additive model, and the additive model reached significance in the replication stage (OR = 1.14; 95% CI = 1.00-1.31; P = 0.046), as well as in the pooled dataset (OR = 1.16; 95% CI = 1.04-1.28; P = 0.005) ( Table 3) . Three SNPs (rs1549102, rs1074587 and rs11110099) of the ANKS1B gene were associated with lung cancer risk. Specifically, subjects carrying the variant C allele of the rs1549102 SNP had an OR of 0.80 (95% CI = 0.67-0.96; P = 0.015) in the discovery population, 0.86 (95% CI = 0.75-0.97; P = 0.014) in the replication stage and 0.85 (95% CI = 0.77-0.94; P = 0.001) in the pooled dataset (Table 3 ). The C allele of the rs11110099 was borderline significant (OR = 1.19; 95% CI = 0.99−1.43; P = 0.057) 
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in the discovery stage and the increased risk was observed in the replication stage (OR = 1.16; 95% CI = 1.03−1.32; P = 0.018).
Recessive model was the best fit for rs10745877 with subjects carrying two copies of the G allele at 1.60-fold increased risk (95% CI = 1.08−2.36; P = 0.019) in the discovery population and a 1.49-fold increased risk in the replication population (95% CI = 1.08−1.90; P = 0.013). In the pooled dataset, the OR was 1.42 (95% CI = 1.15−1.77; P = 0.001) ( Table 3) . To assess the cumulative effects of the unfavorable genotypes in the pathway, we performed a joint analysis of the replicated SNPs. The unfavorable genotypes were defined as following: rs1462129 (TC and CC), rs6685648 (TC and CC), rs1549102 (AA and AC), rs10745877 (GG) and rs11110099 (AC and CC). In the discovery stage, compared with the reference group of subjects carrying no unfavorable genotypes, those carrying one, two, three or more unfavorable genotypes conferred an increased risk of 2.22 (95% CI = 1.08− 4.57, P = 0.03), 2.70 (95% CI = 1.33−5.49; P = 0.006) and 4.13 (95% CI = 2.00− 8.52; P = 0.0001), respectively, with significant dose-response trend (P for trend = 6.05E-06) ( Table 4 ). The joint effects of unfavorable genotypes were validated in the replication population. Specifically, using subjects carrying no unfavorable genotypes as the reference group, the risk progressively elevated in subjects carrying one (OR = 1.26; 95% CI = 0.78−2.01; P = 0.343), two (OR = 1.57; 95% CI = 0.99−2.48; P = 0.056), and three or more (OR = 2.13; 95% CI = 1.32−3.44; P = 0.002) unfavorable genotypes, with a significant dose-response trend (P for trend = 4.36E-06). In pooled dataset, the ORs for carrying one, two, and three and more unfavorable genotypes were 1.61 (95% CI = 1.11−2.34; P = 0.01), 1.87 (95% CI = 1.30−2.69; P = 0.0008) and 2.72 (95% CI = 1.87−3.97; P = 1.89E-07), respectively (P for trend = 1.41E-10).
We correlated the SNPs with lung cancer risk factors, such as smoking, asbestos exposure, family history etc., but did not observe any associations between SNPs and these variables (results data not shown).
Haplotypes of Bcl-2 and ANKS1B showed significant association with lung cancer risk in the discovery stage. Specifically, for Bcl-2, compared with the most common haplotype T_C (in the order of rs1462129 and rs2551402), the haplotype C_A conferred an increased risk of 1.31 (95% CI = 1.09-1.57; P = 0.0038) ( Table 5 ). This association was consistently observed in the replication population with borderline significance (OR = 1.12; 95% CI = 0.98−1.27; P = 0.085) and significant in the pooled dataset (OR = 1.17; 95% CI = 1.06−1.30; Apoptosis pathway gene polymorphisms and lung cancer risk P = 0.001). For ANKS1B, compared with the most common haplotype A_A_A (in the order of rs1549102, rs10745877 and rs11110099), the OR of haplotypes C_A_A (OR = 0.69; 95% CI = 0.52−0.92; P = 0.012) were significant in the discovery stage. The association with haplotype C_A_A was validated in the replication population (OR = 0.79; 95% CI = 0.65−0.96; P = 0.016). When analyzed using the pooled dataset, the OR was 1.22 (95% CI = 1.02−1.45; P = 0.028) for haplotype A_G_C and 0.76 (95% CI = 0.66−0.88; P = 0.0004) for haplotype C_A_A, respectively (Table 5) .
Discussion
In this study, we systematically assessed the associations of a large panel of SNPs in the apoptotic pathway and lung cancer risk. We first screened 927 SNPs located in 73 apoptotic-pathway genes in a case-control study and then performed a fast-track validation of the significant SNPs in a second study population. We found that 55 SNPs showed significant associations in the discovery population, and six of these SNPs located in three genes (Bcl-2, CASP9 and ANKS1B) were validated in the replication population. The results from cumulative analysis and haplotype analysis further suggested that these genetic variants may influence lung cancer risk jointly, consistent with the polygenic etiology of lung cancer. Apoptosis, or programmed cell death, is an essential cellular defense mechanism against cancer development (23) (24) (25) . There are two principal signaling pathways: the extrinsic pathway and the intrinsic pathway (7-11), each regulated by an array of genes whose dysfunctions were commonly identified in various human malignancies. The intrinsic pathway is controlled by members of the Bcl-2 family and mediated by the release of cytochrome c from mitochondria. The release of cytochrome c from the intermembrane space of mitochondrion activates CASP9 through the signal transduced by APAF1. Released cytochrome c interacts with APAF1, proCASP-9 and dATP to form an apoptosome. Once bound to the apoptosome, CASP9 is activated, which subsequently triggers a cascade of effector caspases. The second pathway, the extrinsic pathway/the TNF-related apoptosis inducing ligand pathway is initiated by the binding of death receptors and their corresponding extracellular ligands. The interactions between the ligands and membrane receptors sequentially activate the downstream death-inducing signaling complex, primarily composed of the Fas-associated death domain (FADD) interacting with the death receptors through the homologous death domains on both molecules. This interaction further activates the death effector domain of FADD and activates CASP8, which, in turn, also activates CASP3, the converging effector caspase linking the intrinsic and extrinsic pathways to the same downstream signaling cascades leading to cellular suicide through the autoproteolytic processing of a series of apoptotic caspases.
Previous molecular epidemiologic studies identified SNPs in CASP9 (12), CASP8 (13, 15, 19) , CASP3 and CASP7 (18) , TGFB1 (17) , CASP5 (15), DR4 (15) , FASLG and IL1B (14) and TP53BP1 (16) as susceptibility loci for lung cancer. Most studies adopted a candidate gene approach to evaluate potential functional SNPs in apoptotic-related genes. However, without a replication stage to scrutinize the findings, large number of previous reported associations could be false-positive. Compared with the previous studies, one obvious strength of our study is that the associations found in the discover stage were further replicated in a large replication population. By adding the replication stage to the study design, our study is powered to differentiate true-positive from false-positive findings.
We identified and replicated SNPs located in the Bcl-2 gene associated with lung cancer risk. The SNP rs1462129 is located in the intron region of the Bcl-2 and the other SNP, rs2551402, is in strong linkage disequilibrium with rs1462129. Bcl-2 genes are among the earliest genes that were identified as being involved in the regulation of apoptosis (25) . The Bcl-2 protein interacts with a variety of proapoptotic factors to regulate the intrinsic pathway of apoptosis. Bcl-2 functionally acts as proto-oncogene that promotes tumorigenesis by preventing cell death (26) . SNPs and haplotypes of Bcl-2 have been found to associate with susceptibility to chronic lymphocytic leukemia (27) , chronic myeloid leukemia (28) and non-Hodgkin lymphoma (29, 30) . A total of 12 SNPs of Bcl-2 were associated with the risk of non-Hodgkin's lymphoma in a large study with 1946 non-Hodgkin's lymphoma cases and 1808 controls (29) . In a study of chronic myeloid leukemia (28) , among 80 SNPs evaluated in pathways of apoptosis, angiogenesis, myeloid cell growth, interferon signaling and others, only SNPs of Bcl-2 were found to be associated with disease susceptibility. Our current study is the first to report and replicate Bcl-2 SNPs influencing lung cancer susceptibility, suggesting the possible etiologic relevance of Bcl-2 SNPs in lung cancer. Over-expression of Bcl-2 is observed in many cancers, including lung cancer (31, 32) . Bcl-2 is expressed relatively early during bronchial preneoplasia (33, 34) and it is estimated that 20-50% of non-small cell lung cancer express Bcl-2 (35) (36) (37) . It was recently found that loss of Bcl-2 expression was correlated with a more aggressive behavior of non-small cell lung cancer tumors (38) . These studies provide biological plausibility that Bcl-2 is involved in lung carcinogenesis. However, since the two SNPs are all located in the intron region of the Bcl-2 gene and are probably haplotype tagging SNPs, future fine-mapping and functional studies are warranted to identify the causal SNPs and elucidate the biological mechanisms underlying the observed Bcl-2 SNP-lung cancer risk association.
We also identified and replicated one SNP (rs6685648) in CASP9 as lung cancer susceptibility locus. The SNP, rs6685648, is also located in the intron region of CASP9. CASP9 is a pro-apoptotic protease integral to the intrinsic apoptotic pathway, responsible for effector caspase activation and apoptosis execution following activation by APAF1 bound to cytochrome c released from mitochondria (39) The third gene with three SNPs replicated is the ANKS1B gene (ankyrin repeat and sterile alpha motif domain containing 1B). All three SNPs (rs1549102, rs10745877 and rs11110099) reside in the intron region of the gene. There were no previous reports on whether genetic variants in this gene may be related to cancer risk. Ankyrin repeat is a motif mediating protein-protein interaction (41) and a construct of ankyrin repeat was reported to inhibit Caspase-2 in the complex biological apoptotic signaling network in vitro (42) . On the other hand, ANKS1B is in close proximity to APAF1 on 12q23. As discussed earlier, APAF1 is a critical component of apoptosome. The 3′ end of ANKS1B is in a107 kb linkage disequilibrium block containing APAF1. It is possible that the three SNPs in ANKS1B are tagging SNPs that tag causal variants in the nearby APAF1, and APAF1 is the gene in this region that is associated with lung cancer risk.
We performed haplotype analysis to identify additional independent markers for lung cancer that may not be revealed by single SNP association analysis. In our analysis, it appeared that the significant haplotypes in both Bcl-2 and ANKS1B were driven by the significant single SNPs; for example, only the C_A haplotype, consisting of two variant allele that showed increased risk in single SNP analysis (Table 3) , exhibited a significantly increased risk of lung cancer compared with the wild-type T_C haplotype; the C_A_A haplotype in ANKS1B, containing a variant allele at the first SNP (rs1549102), exhibited a significantly reduced lung cancer risk compared with the A_A_A wild-type haplotype, which was consistent with the protective effect of variant C allele in rs1549102 in single SNP analysis (Table 3) . Thus, the haplotype analysis further confirmed single SNPs identified and provided additional evidence to support the hypothesis that sequence variants in apoptosis pathway are associated with lung cancer risk in our study population.
Taken together, we took a pathway approach to systematically screen a large panel of SNPs in the apoptosis pathway with lung cancer risk. Currently, GWAS have become a favored approach to test the association between genetic variations and disease phenotypes. However, a pathway-based approach still has several advantages. Compared with GWAS, pathway-based approach restricts analyses to SNPs in specific pathways and reduces the number of multiple tests, thereby reducing the number of false-positive findings and promoting the effective power of the study. With large number of independent tests, GWAS requires very large sample size to detect true associations, whereas studies restricted to a pathway permit the use of study populations that are not large enough for use in GWAS.
To better control for confounding from other lung cancer risk factors, in addition to smoking, we adjusted asbestos exposure, lung cancer in first-degree relatives and prior lung diseases in the multivariate model. After adjustment for these factors, the significant associations between SNPs and lung cancer are still preserved, suggesting that the SNPs identified in this study are independent predictors of lung cancer risk. However, residual confounding from other unknown factors could still exist. As stated earlier, compared with previous studies of apoptotic pathway and lung cancer, one strength of current study is that the associations found in the discover stage were further validated in a replication population. By adding the replication stage to the study design, our study is sufficiently powered to scrutinize false-positive findings.
Further, in public health perspective, these SNPs could be incorporated into current lung cancer risk prediction models to refine risk prediction. Given that the magnitude of each single SNP association is only low to modest (with individual ORs of less than 1.5), the impact of any single SNP is minimal. Although the effect of any single SNP is trivial, a genomic risk profile combining set of SNPs identified from pathway-based analysis or GWAs could be developed to evaluate the prediction power of multiple SNPs (43) . In this way, models with genomic risk panels could be compared with models that incorporate typical epidemiologic and clinical variables. However, to date, such comparisons have revealed a very modest, if any, added value to genomic risk profiles (43) (44) (45) .
In conclusion, we systematically evaluated the association between genetic variants in or near apoptosis-related genes and lung cancer risk. We identified several putative variants in Bcl-2, CASP9 and ANKS1B that affect lung cancer susceptibility. With the replication step, our findings are less probable to be false-positive. The SNPs identified are located in or near key genes known to play important roles in apoptosis regulation, supporting the strong biological relevance of our findings. All the identified variants are intronic SNPs that are probably tagging for other functional SNPs. Future fine-mapping and functional studies are needed to identify the causal variants and elucidate the molecular mechanisms underlying the association of these SNPs with lung cancer risk.
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